A model for the geometry optimisation of thermoelectric devices in a hybrid photovoltaic -thermoelectric (PV/TE) system is presented. The model can be used to determine the optimal geometry of thermoelectric modules at which the maximum power output is achieved. The results of simulation using this model shows that an increase in both the overall power output and conversion efficiency may be achieved by incorporating a thermoelectric generator (TEG) to harvest waste heat from photovoltaic cell. In addition, the results demonstrate that the geometry optimisation also needs to consider the "trade-off" between achieving a large power output and minimising the consumption of thermoelectric materials.
Introduction
A large proportion of solar energy is converted to waste heat in a photovoltaic (PV) cell, due to thermalisation of excited, high energy electrons and absorption of low energy photons, raising the temperature of the photovoltaic cell [1] . Therefore, there has been considerable interest in cooling PV cells using a number of cooling techniques [2e7], including the use of thermoelectric (TE) coolers. An alternative approach is to use the thermoelectric device as a generator to convert waste heat to electricity, [8e13]. The integration of different types of PV cells, such as dye sensitised solar cells, with thermoelectric generator (TEG) has been studied [14e17]. The results from these studies provide useful information on designing and improving the performance of the hybrid system. Recently, a hybrid system consisting of a polymer solar cell placed on the top of a TEG has been reported [18] , in which the overall power generation of the hybrid PV/TE system has been investigated experimentally. The results indicate that the hybrid system is more efficient in generating electricity than using one system. In a hybrid system, the dimension of the TEG has significant influence on the overall power output because it determines the operating temperature of the solar cell and the temperature difference across the TEG. To date, very few studies have focussed on geometry optimisation of the TEG to improve the performance of hybrid PV/TE system. The objective of this paper is to present a theoretical model that enables determination of optimal geometry of TEG to achieve maximum overall power output for a hybrid PV/ TE system. A unique aspect of this model is that the temperature difference across the TEG is calculated under a closed-circuit condition, which provides more realistic calculation of the power output and efficiency than these obtained under open-circuit condition.
Model outline
A hybrid PV/TE system is shown schematically in Fig. 1 . It consists of a PV cell on the top of a TEG via a copper plate that serves as a thermal concentrator. The interfaces are filled with thermally conductive paste to ensure good heat transfer across these interfaces. The copper plate forms the hot side of the TEG, with the cold side of the TEG attached to a heat exchanger with water circulating through it. The advantages of such a hybrid system are that the operating temperature of the PV cell will be reduced due to transfer the heat into the TEG and the TEG will generate additional power due to a temperature difference is established across it. In this hybrid system, the solar energy is converted to electrical energy and thermal energy. According to the law of conservation of energy, the energy balance of this system can be written as
where t g is the transmissivity of the glass cover, a c is the absorptivity of the PV cell, b c is the packing factor, G is the solar radiation intensity, a T is the absorptivity of the tedlar and A PV is the device area of the PV cell. On the right side of Eq. (1), Q c denotes convective heat loss from the surface of the cell, Q r is the radiative loss, Q k is the heat conduction from the PV cell to TEG, and P PV is the electrical power generated by the PV cell [19e21] . The heat loss due to convection and conduction from the PV cell to ambient is given by
where, T cell and T amb represent the solar cell and ambient temperatures, respectively. U t is the heat transfer coefficient from the PV cell to the ambient by convection and conduction [22] .
where, L g and k g are the thickness and thermal conductivity of the glass cover of the PV cell. h cov is the convective heat transfer coefficient [23] . Radiative heat loss from the PV cell is described by
where, ε is the surface emissivity of the cell and s is the Ste-faneBoltzmann constant. Heat conducted from the PV cell into TEG can be written as
where, k is the thermal conductivity of the thermoelectric material, A TE is the cross-sectional area of thermoelements, N is the number of thermoelements and l TE is the length of thermoelements. DT is the temperature difference across the TEG. It is assumed for simplicity that the effect of the solder and copper contacts has a negligible effect and consequently, DT can be approximated by (T cell À T c ) if the TEG operates in open-circuit (where, T c is the temperature at the cold side of the TEG).
An important distinction is required here, as DT makes no reference to whether or not the TE device is in the open-circuit condition or the closed-circuit condition. In all previous studies, the power output of the TEG was calculated using a DT that corresponds to open-circuit condition. This can introduce significant error because the DT across a TEG at closed-circuit differs significantly from that at open-circuit. In a real system, TEG has to operate in the closed-circuit condition in order to deliver the power to external load. Under such circumstances, the heat flow through the TEG consists of both heat conduction and the Peltier heat. As a result, the DT in Eq. (5) should be replaced by Refs. [24, 25] .
is the thermoelectric figure of merit, a is the Seebeck coefficient, r is the electrical resistivity, T M is given as
where, s is the ratio of the load resistance to the internal resistance of the TE module. Using Eq. (6) to replace DT in Eq. (5) with s ¼ 1 (i.e., operating under the matched-load condition), we obtain
The power output of the TEG, with taking into account the electrical and thermal contact resistances, can be expressed as [26] .
where, l c is the thickness of the ceramic plates of the TEG. The variables n and r are the electrical and thermal contact parameters, which correspond to the ratio of the bulk material electrical resistivity and thermal conductivity to that of the contacts, respectively [26] .
From Eqs. (8) and (9), the conversion efficiency of the TEG, h TE , can be calculated by
The power output, P PV , of the PV cell is given by
where, h PV is the efficiency of the PV cell. It varies with temperature and can be expressed as [27] .
where, h 0 is the efficiency of PV cell at 25 C and b 0 is the temperature coefficient for the cell. Consequently, the total power output from the hybrid system can be calculated using
It is to be noted that the use of Eq. (13) implies a hybrid system with passive water-cooling, such as thermosiphon. If an active water-cooling system is used, the power consumption of the cooling system should be included in Eq. (13) .
The overall efficiency of the hybrid system can be calculated using
Employing appropriate operating parameters for the hybrid PV/ TEG system shown in Fig. 1 , the temperature of the PV cell and the temperature difference across the TEG can be calculated using an iterative method based on Eq. (1)e (8) . The power output and conversion efficiency of the system can be determined using Eq. (9)e (14) . Consequently, the optimal geometry of the TEG can be achieved by investigating the dependence of the efficiency on the geometrical factors.
Simulation procedure and input parameters
Simulation was performed to demonstrate the capability of the model for optimal design of hybrid PV/TEG system. A total of 8 types of TEG modules were chosen to study the dependence of the maximum power output on the geometry of TEG modules. Each type of the module has the same number of N and A TE , but the length of the thermoelements was varied to obtain the maximum power output (P max ). The number of thermoelements (N) and the cross sectional areas (A TE ) employed in these modules are shown in Table 1 .
The simulation uses a Matlab program to determine T cell by solving Eqs. (1) and (8) iteratively. Once T cell is determined, the P TE and h TE in closed-circuit condition can be calculated using Eqs. (9) and (10), respectively. The power output P PV and efficiency h PV of the solar cell are calculated using Eqs. (11) and (12), respectively.
Finally, the total power output P tot and conversion efficiency h tot of the hybrid system can be determined using Eqs. (13) and (14), respectively. The parameters employed for the calculation are given in Table 2 . The assumptions used are as follows:
1) The cold side of the thermoelectric generator is maintained constant at room temperature (298 K); 2) The intensity of solar radiation is maintained at 1000 W m À2 , equivalent to 1 sun of radiation flux; 3) Heat transfer occurs in one dimension only, i.e., there is no heat transfer in lateral direction; 4) The conversion efficiency of PV cell is 10% at 25 C and changes with temperature following Eq. (12) with the temperature coefficient listed in Table 2 .
The simulations were carried out in two different atmospheres: the ambient and the vacuum. The validity of the model was tested against an established theoretical procedure [25] . The calculation was carried out using type I module listed in Table 1 for an ideal operating condition where all heat losses are neglected. The results are identical for both procedures, indicating the validity of essential part of the model. Further validation to include various heat losses is being carried out against COMSOL simulation showing a good agreement (to be published elsewhere). Table 1 . The results were obtained for operation in atmosphere (i.e., non-vacuum). It can be seen that the P TE for a given type of module increases initially with an increase in l TE until reaching the P max at an optimal length and then the P TE starts to decrease with a further increase in l TE . The results show clearly that it is necessary to design a thermoelectric module with the optimal length in order to obtain the P max . It can also be seen that the P max is higher for the modules that have larger N and A TE . However, the optimal length required for the modules with larger N and A TE is longer. This indicates that an increase in the power output is obtained at an expense of material consumption. For example, the optimal length for type VIII is 50 mm, compared with 3.4 mm for type I (i.e., a factor of 14), while the P max is only increased from 5.2 mW to 7 mW. Clearly, the drawback of using longer length will overwhelm the benefit. An appropriate selection of thermoelectric module for a PV/TE system requires a compromise between the power output and material consumption. In general, the modules with small cross-sectional area are more appropriate.
Results and discussion
It is to be noted that type VIII modules exhibit a significant increase in the P max due to two reasons: 1) the semiconductor area has increased (i.e., A TE in Eqs. (9) and (2)) the area of TEG becomes close to the size of PV cell and this covers all back side area of PV. Consequently, the heat losses by convection and radiation from the bottom side of PV cell were eliminated. This analysis indicates that the operation of PV/TE unit in vacuum can minimise the heat losses due to convection and consequently the power output is anticipated to be higher. Fig. 3 shows the P TE as a function of l TE , when operating in vacuum. The operation in vacuum is beneficial due to elimination of the convective losses from both sides of PV cell. It can be seen that the maximum power output of type I is almost doubled in vacuum compared with that in ambient. An increase in the power output of the smallest module (module I) when operating in vacuum is slightly more significant than that of largest module (type VIII). This can be attributed to the fact that the increase in temperature difference across the module is more significant for type I than for type VIII. It can be seen that the data in Figs. 2 and 3 are plotted as a function of thermoelement length, providing direct information on length optimisation. However, it is to be noted that the information about optimisation of other geometrical parameters such as the cross-sectional area, thermocouple number and the volume of thermoelectric materials is also embedded in these figures. The P max for each type of module as a function of volume is shown in Fig. 4 for operation in vacuum and at ambient pressure. It can be seen that the P max of the TEG when operates in vacuum is higher than that in ambient. Increasing the volume of thermoelectric materials can improve the power output of the TEG, but the increase is very small. For example, the P TE for type I is 5.2 mW and it increases to 7.0 mW for type VIII (i.e., an increase by 35%), compared with large increase in volume by more than 800%. Fig. 5 shows the temperature difference as a function of l TE for type I (smallest module) and type VIII (largest module) in vacuum and at ambient atmosphere, respectively. It can be seen that the temperature difference across a module of type I is increased by 54.8% when operating in vacuum due to elimination of the convection losses from both side of PV cell. However, the increase for type VIII is marginal if the length of thermoelements is shorter than 20 mm. Fig. 6 shows the power output per unit area as a function of l TE for type I and type VIII in vacuum and at ambient atmosphere, respectively. It is apparent that the small module (type I) exhibits a significantly higher power output per unit area than that of the large module (type VIII). It is to be noted that the optimal length for achieving high power output per unit area when operated in vacuum is longer than that when operated at ambient atmosphere. Fig. 7 shows the P TE , P PV and P tot of type I when operating in ambient atmosphere. It can be seen that the power output of the solar cell will decrease when integrated with a TEG because the operating temperature of the solar cell is increased duo to a large thermal resistance across the TEG. However, the power reduction in the solar cell (2 mW) will be compensated by the power generation by TEG (5.2 mW). As a result, the total power output P tot of the hybrid system is increased to 163 mW. Similarly, Fig. 8 shows the efficiencies h TE , h PV and h tot of type I for operation in ambient atmosphere. For a solar cell with a cross-sectional area of 40 mm 2 , the h tot will increase from 10% to 10.2% for a TEG with the optimal length l TE of 2 mm. A further increase in h tot is possible if the system is operated in vacuum. Moreover, it has been observed that the dyesensitised solar cells exhibit an increase in power output and efficiency with increasing temperature in a temperature range between 300 K and 340 K. This will lead to an increase in h PV which will be further enhanced by h TE from the thermoelectric system.
Consequently, a higher increase in total efficiency is anticipated in a hybrid system with dye-sensitised solar cells [31] .
Conclusions
The optimal geometry for obtaining maximum power output and conversion efficiency of a thermoelectric generator of hybrid PV/TE system was investigated using a model developed in this paper. Together with the knowledge of temperature dependence of solar cells, the overall power output P tot and conversion efficiency h tot of a hybrid PV/TE system can be estimated. The results of simulation using this model shows that an increase in both the overall power output and conversion efficiency may be achieved by incorporating thermoelectric generator to harvest waste heat from photovoltaic cell. In addition, the results demonstrate that in practice an optimised geometry has to be a "trade-off" between achieving a large power output and using minimal thermoelectric material. In general, a thermoelectric module that has a smaller cross-sectional area than that of the PV cell can generate more electrical power than these of having a larger cross-sectional area. Furthermore, a significant increase in the power output can be obtained if the system operates in vacuum. In an ideal case where the convective heat losses are completely eliminate, the power output can be almost doubled. 
